Large-Eddy Simulation (LES) and hybrid Reynolds-averaged Navier-Stokes-LES (RANS-LES) methods are applied to a turbine blade ribbed internal duct with a 180 degree bend containing 24 pairs of ribs. Flow and heat transfer predictions are compared with experimental data and found to be in agreement. The choice of LES model is found to be of minor * Corresponding author Email address: jct53@cam.ac.uk (J. Tyacke) P r Prandtl number Re Reynolds number T Temperature, K m Mass flowrate, kg/s x Coordinate directioñ d Modified wall distance
importance as the flow is dominated by large geometric scale structures. This is in contrast to several linear and nonlinear RANS models, which display turbulence model sensitivity.
For LES, the influence of inlet turbulence is also tested and has a minor impact due to the strong turbulence generated by the ribs. Large scale turbulent motions destroy any classical boundary layer reducing near wall grid requirements. The wake-type flow structure makes this and similar flows nearly Reynolds number independent, allowing a range of flows to be studied at similar cost. Hence LES is a relatively cheap method for obtaining accurate heat transfer predictions in these types of flows. Turbulence modelling in industry is domi-nated by the use of RANS models, which are often poor at predicting both the flow and heat transfer in complex geometries with separated flow. For example, Ooi et al. [1] study cooling passage heat transfer using the v 2 −f , k−ε and Spalart-Allmaras RANS model. Secondary flow structures are found not to be modelled well using the eddy viscosity concept. In some cases, differences between other RANS models varies by approximately 100% [2] . Saha and Acharya [3] contrast unsteady-URANS (URANS) (k − ε model) and
LES (Dynamic Smagorinsky model [4] ) approaches to model rotating and nonrotating ribbed ducts. Tafti [5] studies a periodic ribbed duct section using quasi-DNS (quasi-Direct Numerical Simulation) and LES using the Dynamic Smagorinsky model. Both quasi-DNS and LES were found to be within 10-15% of each other and within 15-30% of experimental data dependent on mesh resolution. Sewall et al. [6] investigate flow and heat transfer in the developing, fully developed, and bend regions of a ribbed duct with a 180 degree bend.
LES matches with mean velocity, Reynolds stresses and heat transfer measurements to within 10-15%. Viswanathan and Tafti [7] compare LES and Detached Eddy Simulation (DES) [8] (LES with an extensive near wall RANS region) in the same ribbed duct.
DES was found to improve predictions over the RANS. It did not however capture shear layer transition accurately, predicting a development length around two rib pitches greater than the LES. Ramgadia and Saha [9] use LES to study a periodically repeating ribbed duct section. A shear-improved Smagorinsky model is used, with LES data agreeing with measurements.
The above has shown that relative to RANS, LES is promising. This is especially so for this type of flow. For example, the often cited limitation of LES is the extreme increase in grid count with Reynolds number (≈ Re 2.5 [10] ). As noted by [11, 12, 13] , ribbed passage flows are Reynolds number independent. They are governed by large scales of turbulence, of the order of the rib height. Hence, in this paper, we seek to explore the benefits of LES relative to RANS.
In the above, the range of LES models evaluated and strategies considered was limited.
Hence, here we seek to contrast a range of LES models. These include Numerical-LES (NLES), hybrid RANS-NLES and linear and nonlinear LES subgrid scale (SGS) models. We also note that inflow sensitivity has not been fully explored. To this end, we bracket a measured 2% intensity with an extreme range of intensities to study this aspect.
The paper is set out as follows. The problem definition, governing equations and numerical details are presented. The turbulence modelling section then introduces the SGS and hybrid RANS-NLES models used and inflow conditions. The results section then discusses flow and turbulence statistics, in addition to heat transfer, before conclusions are drawn.
Problem Definition
The ribbed passage studied is shown in 
Governing Equations
∂ũ j ∂x j = 0 (1) ρ ∂ũ i ∂t + ρ ∂ (ũ iũj ) ∂x j = − ∂p ∂x i + ∂ ∂x j µ ∂ũ i ∂x j − ∂τ ij ∂x j (2) ρ ∂ T ∂t + ρ ∂ ũ j T ∂x j = + ∂ ∂x j µ P r ∂ T ∂x j − ∂h j ∂x j(3)
Numerical Details

Solver details
The solver used is a modified version of the NEAT code as provided by Tucker [15] . This is an incompressible finite volume code using a staggered grid and the SIMPLE scheme to couple velocity and pressure [16] .
Second order central differences are used for the calculation of fluxes and the time scheme used is that of Crank-Nicolson. In previous studies on similar geometries [2] , no higher order flux calculations provided consistently improved results. OpenMP is used to parallelise the code. The code has previously been verified and used to study similar geometries [17] .
Resolution
To remain consistent, all simulations pre- 
Heat transfer data reduction
To study heat transfer, the ratio of the local Nusselt number N u and the smooth duct Nusselt number N u 0 , is used. The Dittus-Boelter correlation defines N u 0 = 0.023Re 0.8 P r 0.4 , where P r = 0.7 for air. As [18] , N u is calculated T . Hence, based on k T , the eddy viscosity tends to zero near walls. The turbulence production and dissipation terms are given below by Eqs. (5) and (6) respectively. The turbulent Schmidt number for kinetic energy, σ k = 1 [14] .
Because this model is similar in form to the RANS model of Wolfshtein [21] , only the length scales and constants need to be changed. The LES length scales for this k−l When referring to this model in the results, the label Yosh. will be used. Since the Taylor expansion at quadratic order of the box and Guassian filters is the same [23, 24] , the velocities for the nonlinear term are smoothed using a second order approximation to the Guassian filter and the resolved variables are grid filtered. When referring to these models in the results, the labels Ler., Alp. and Kos. will be used for Leray, Alpha and Kosivić respectively. Yoshizawa - The interface is located at d = 0.1h.
Mixed nonlinear models
To provide a smooth transition from the RANS to NLES regions, the true wall distance is modified using a Hamilton-Jacobi equation. This is shown in Eq. (7).
The RANS wall distance is replaced with the modified wall distance. This retains accurate wall distances nearest the wall, then smoothly returns the wall distance to zero for the NLES region. Further smoothing is hence not required. Figure 5 displays the modified wall distance and the resulting RANS and NLES regions. The technique is described in detail in [28] . When referring to this model in the results, the label RANS-NLES will be used.
Thermal modelling
For all computations the eddy diffusivity model below is used. For LES regions the turbulent Prandtl number P r T = 0.4 [29] and for RANS P r = 0.9 [30, 31] 1 .
Similarly to the the addition of the eddy viscosity to obtain an effective viscosity to model the stress tensor, the effective thermal diffusivity is then obtained 6. Results
Turbulent inflow
Experimental data sources
Comparison is made with the aerodynamics and heat transfer data of [6] at a Reynolds number of 20,000, that of the current simulations. For heat transfer, which is more difficult to accurately predict, comparison is also made with the Re = 30, 000 data of [33] and [6] . The geometry of [33] is approximately 10% difference between all experimental data sets. Initially, we will look at the flowfield. When no inlet turbulence is applied, most models show a small under-prediction in turbulence, but after approximately 2D, agree well with data and only minor variations with SGS model are observed. This is also supported by Sewall [35] , who finds fully developed flow after the second rib.
Flow structure
When turbulence is applied at the inlet, the level of unsteadiness is initially too high, but again settles after around 2 − 3D. As noted, two turbulence intensities are considered. Given the significant range of turbulence intensities, one of 0% and the other 10%, the flow seems insensitive to inlet turbulence due to rapid natural development. There is some variation with streamwise position but LES is in agreement with data.
The vertical component shown in Fig. 14a shows little variation with streamwise position either side of the rib. The recirculations behind the ribs vary in length with time producing similar profiles along the pitch.
Comparing with the streamwise profiles in Fig. 13b , most of the turbulence is generated within 1-2 rib heights. Fig. 14b Fig.   16 . In Fig. 16a , due to the complex turbulence production near the lower wall, some variation between the different SGS models can be seen. As in Fig. 16b-16f , as the profiles move outward from the lower wall, differences between models are mixed 
Heat transfer
One of the most challenging aspects of modelling complex flows is that of heat transfer. Figure 17 plots the Nusselt number distribution at the center of the bottom of the inlet duct (Fig. 17a) . The quantity N u/N u 0 indicates the heat transfer enhancement compared to that of flow over a flat plate. For all models, agreement with the measurements of [33] and [6] is observed.
At each end of Fig. 17a there is some variation. This is due to the complex flow near the reattachment point. Figure 17a can be contrasted with Fig. 17b for a similar case modelled using linear and nonlinear RANS models [17] . There is a considerable range of results for different RANS turbulence models. Using LES, little reliance is placed on explicit turbulence models as 80-90% of turbulence is resolved.
A vertical profile 0.5h upstream of the rib on the smooth side wall is also presented in Fig. 18 for the current LES. This again shows agreement with available measurements. It may be noted the measurements are not symmetrical in y suggesting potential skew in the flow altering computed errors. The measurements also show similar scatter to the LES in the region below 2h making it hard to draw strong conclusions.
In the center of the channel, models making use of NLES under-predict N u, a small 
Anisotropy Invariant Maps
To show graphically the difference in turbulence structure, Anisotropy Invariant Maps (AIMs) can be plotted. Figure 19a indicates the different states of the turbulent stress anisotropy using the second and third Reynolds stress invariants represented by η and ξ respectively (see [36, 14] ). All realisable states of the turbulent stress tensor lie within the triangle formed [36] . Plot- In the centre of the duct (Fig. 19b) , the stresses begin at the duct floor as 2D moving towards 2D isotropic. Towards the duct centre, the stresses become more cigar shaped. Similar shaped vortices can be seen in Fig. 9 . Nearer the outer wall, the stresses are between the cigar-shaped and 1D turbulence zones. This indicates higher ducts (most like the duct centre) and failure for more complex 3D flows. [39] . It is hence important that SGS models are chosen that suit the solver numerics being used to avoid double accounting of the SGS scales and excessive dissipation [40] .
Results summary
To compare the overall reliability of Hence LES is a relatively cheap method for obtaining accurate heat transfer predictions in these types of flows.
